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Abstract

As known for short conjugated molecules, the absorption band of a weak (Mulliken) charge-transfer complex (CTC) can be tuned in the
region where both the donor and acceptor are transparent. This can be used for tailoring low-band gap absorbing materials to match the
solar spectrum. We studied donor/acceptor blends of poly[2-methox{&HA-hexyloxy)-1,4-phenylene vinylene] (MEH-PPV) with 2,4,7-
trinitrofluorenone or 2,6-dinitroantraquinone by a number of optical and photoelectric methods. From optical and vibrational IR absorption
spectra, we found that the donor/acceptor blends demonstrate noticeable ground-state interaction indicating CTC formation. The CTC is
characterized by a long absorption tail extending to the near-IR region. The blends also show strong quenching of photoluminescence (PL)
and a near-IR photoinduced absorption (PIA) band, indicating donor/acceptor charge-transfer. Essentially, this band appears for both visible and
IR pump wavelengths. In addition, to probe the charge photogeneration mechanisms, a magnetic field spin effect technique was applied. This
technigue shows that the charge photogeneration mechanism is essentially different in the blends compared to pristine MEH-PPV. Furthermore,
photoconductivity in the blends strongly increases compared to pristine MEH-PPV and the photocurrent action spectrum closely follows to
the extended absorption tail. We discuss photoinduced charge-transfer and relaxation of photoexcited CTC as possible mechanisms of mobile
charge generation.
© 2004 Published by Elsevier B.V.
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Combination of conductivity, optical properties, mechan- chargeq1,2]. In the photoinduced charge-transfer process,
ical flexibility, and ease of processing of conjugated poly- an exciton photoexcited in the polymer chain diffuses to the
mers make them promising materials for a number of pho- donor/acceptor interface and dissociates there into the sep-
tonics applications, including large-scale solar cells. In or- arate charges. On the other hand, it is possible a more di-
ganic photovoltaics, it is essential to provide effective charge rect way from an incident photon to separate charges using
generation from the initial photoexcitation. It is generally ac- weak charge-transfer complexes (CTCs) of Mulliken type
cepted that photoinduced charge-transfer from a conjugated3]. CTC optical absorption formally implies donor/acceptor
polymer acting as a donor to an acceptor, for example, aelectron transfer and as a result a pair of separated charges
fullerene molecule, is an effective way to generate mobile can be formed. Essentially, as known for short conjugated

molecules, the CTC absorption band can be tuned in the re-
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the solar spectrum. For example, a weak CTC betwegn C for films prepared by drop-casting on BaSubstrates. For
and Zn-phthalocyanine molecules was recently repded  PIA spectroscopy studies, the pump beam was mechanically
demonstrating photoconductivity in the near-IR range. chopped and the PIA signal in the probe channel was pro-
As well known for small aromatic conjugated molecules, cessed by a lock-in amplifier at the frequency of modulation.
they can easily form CTCs in solutions, for example, with a In the probe channel, we used a tungsten-halogen lamp illu-
molecule with high-electron affinity. Such CTCs were widely minating the sample, a monochromator, and solid-state pho-
studied in the 50—60 s and their properties were successfullytodetectors (Si and InGaAs). As a pump source, we used cw
interpreted in the framework of the Mulliken model of CTC Nd:YAG lasers (532, 946 nm), diode lasers (670, 810 nm),
interaction[3]. These CTCs usually have characteristic op- and a light emitting diode (630 nm). For pristine MEH-PPV
tical absorption in the visible range corresponding to a CTC films, the PL was subtracted from the measured PIA signal.
band. It would be important to obtain a CTC with a con- The PL and absorption spectra were recorded using the same
jugated polymer because it would give a possibility to ex- set-up, the latter were also measured with a spectrophotome-
tend the photosensitivity of a conjugated polymer into the ter. PIA data were obtained at ambient conditions or under
red and IR spectral region. At present, there are no reliable nitrogen flow in the temperature range 100—-300 K. To test the
evidences of CTCs with conjugated polymers. Blended films effect of oxygen, the room temperature PIA data were also
of conjugated polymers and organic electronic acceptors, formeasured in a vacuum cuvettd/ curves of the photodiodes
example, MEH-PPV/gy, MEH-PPV/TCNQ[6], do not usu- were measured in a vacuum chamber at room temperature
ally demonstrate indications of ground-state interaction. Note using an electrometer (Keithly 617) and a monochromatized
that early studies of films poly(3-octylthiophenej¢Showed radiation of a Xe-lamp. The measurements of the magnetic
[7] that their optical absorption spectrum is not just a sum of field spin effect on photoconductivity were performed using
the donor and acceptor spectra that could indicate CTC. How-this set-up by applying a dc magnetic field with an induction
ever, the vibrational IR spectra of poly(3-octylthiophengyC  from 0to 100 mT. The signal compensation scheme was used.
did not show any signs of non-additivifg]. Photocurrent spectra were recorded without external bias at
In this work, we tried to realize CTC interaction with ambient conditions using lock-in technique.
long conjugated chains by blending a conjugated polymer
with electronegative organic molecules. We studied blends of
poly[2-methoxy-5-(2ethyl-hexyloxy)-l,4-phenylene viny- 2. Results and discussion
lene] (MEH-PPV) with 2,4,7-trinitrofluorenone (TNF) or
2,6-dinitroantraquinone (DNAQ) by a number of optical and 2.1. Optical and IR spectra
photoelectric methods. Using optical absorption and FTIR
data, we found that in the 1:1 MEH-PPV/TNF and 1:1 MEH- We found that drop-cast films of MEH-PPV/DNAQ and
PPV/IDANQ blended films a ground-state CTC canformwith  MEH-PPV/TNF essentially change their color compared
essential absorption in the red region. Then, using photolu-with that of pristine MEH-PPVFig. 1 shows the absorp-
minescence (PL) and photoinduced absorption (PIA) spec-tion spectra of the MEH-PPV/acceptor and pristine MEH-
troscopy, we demonstrate that the photoexcited states ofPpPV films. It is seen that the absorption spectra of the
MEH-PPV/TNF and MEH-PPV/DNAQ blended films can MEH-PPV/acceptor films are shifted to the red and show ex-
relax into the charged states. And finally, we show that the tended absorption tails up to 1.5 eV compared with pristine
photosensitivity of a MEH-PPV/TNF photodiode can be ex- MEH-PPV films. The effect of different solvents for pristine
tended into the near-IR spectral range.

1. Experimental

Drop-cast films of pristine MEH-PPV, MEH-PPV/TNF,
and MEH-PPV/DNAQ blends were prepared from different
solvents (chorobenzene, toluene, cyclohexanone) with typ-
ical MEH-PPV concentration 1g/l and varying the molar
content of the acceptor in the range 1:1000-1:1. For pho-
tocurrent and photoconductivity studies, we fabricated single
layer diodes in the sandwich structure on ITO-coated glass .
substrates. A top Al-electrode was deposited on the drop-cast 1.5 2,0 2,5 3.0
polymer film. The active area of the device we8.1 cn?. Energy (eV)

IR vibrational spectra were recorded using a FTIR An- _ _ _

Fig. 1. Normalized absorption spectra of 1:1 MEH-PPV/TNF from cyclo-

alyzer (Slm_ex) in tfl1e trans_mlssuon mode. All _spectra were hexanone (thick solid); 1:1 MEH-PPV/DNAQ from toluene (thick dashed);
obtained with 2 crn* resolution and standard window func-  yristine MEH-PPV from cyclohexanone (thin solid) and from toluene (thin

tions at room temperature. FTIR data were recorded mainly dashed).

Absorption (a.u.)
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MEH-PPV films is also clearly seen Fig. 1. Note that light 1
scattering gives negligible contribution to the red absorption .
tails inFig. 1since the prepared films had good optical qual- \
ity with visually low light scattering. Adding the acceptors 0,1
did not change the scattering losses implying minor phase
segregation. We suggest that the observed features indicate
noticeable ground-state interaction of the MEH-PPV chains
with the acceptor molecules (DNAQ or TNF), and therefore,
CTC formation. In fact, the acceptor electronic absorption 1
bands are in the UV spectral range, and therefore, the spec- 183 *4
tral features in the range 1.5-2 eMig. 1) we can assign to e T T b
the CTC bands. On the other hand, MEH-PPV films could DNAQ/MEH-PPV concentration
show a red shift and an extended absorption tail in other two
cases: aggregation of polymer chains or as a result of ap-rig. 3. peak PL excited at 532 nm vs. molar MEH-PPV/DNAQ concentra-
pearing relatively long-conjugated chains. It is unlikely that tion for the films prepared from chorobenzene. The line is a guide to the
either would be the result of blending. In fact, the observed eye.
absorption tails in blends are too intensive and red shifted )
to be assigned to aggregation of polymer chains observed inte the FTIR spectra of the blend. The arrows-ig. 2 show
MEH-PPV[9]. the non-additive DNAQ lines which do not overlap with the

If a CTC forms in a MEH-PPV/acceptor blend, one can MEH-PPV lines. Therefore, the FTIR spectrum of MEH-
expect to observe non-additive lines in the IR absorption PPV/DNAQ is not a simple superposition of the two com-
spectra associated with ground-state donor/acceptor interfPOnents implying noticeable ground-state interaction, which
action. FTIR spectra were recorded separately for pristine €an result from CTC formation between the donor and ac-
MEH-PPV, MEH-PPV/acceptor blends, and acceptors (TNF, Ceptor.
DNAQ). We found that FTIR spectra of blended MEH-
PPV/acceptor films demonstrate non-additive behavior, i.e. 2.2. Photoluminescence
the spectra of the blends are not just a superposition of the
MEH-PPV and acceptor spectra. The FTIR spectra of MEH- At the next stage, we studied the properties of the pho-
PPV and acceptors are quite rich in the range 800-1508 cm  toexcited states of MEH-PPV/TNF and MEH-PPV/DNAQ
and to see the effect of non-additivity clearer, we show in films. We found that the PL in MEH-PPV films is strongly
Fig. 2 the FTIR spectrum of a 1:1 MEH-PPV/DNAQ film  quenched upon adding TNF or DNARig. 3shows the peak
and a superposition of separately recorded DNAQ and MEH- PL intensity at~600 nm in MEH-PPV/DNAQ films for dif-
PPV. The superposition was obtained numerically by multi- ferentacceptor content. Itis seen that the PL drops up to 1000
plying of the MEH-PPV and acceptor spectra with corre- times as the acceptor contentincreases. The PL shape did not
sponding weights. The superposition reproduces the knownchanged from that of the pristine MEH-PPV films and only
lines of MEH-PPV[10] and the characteristic lines of NO  for the highest DNAQ content the PL spectrum was broader
groups and anthraquinori#1]. The weight of MEH-PPV and structureless. We associate this effective PL quenching in
was taken according to the intensity of its aliphatic CH bands MEH-PPV/acceptor blends at 532 nm with charge-transfer to
near 3000 cm!. The weight of DNAQ was chosen accord- the acceptor molecules. In fact, since the absorption spectrum
ing to the intensity of its characteristic bands and to best fit of DNAQ (TNF) does not overlap with the emission spec-

trum of MEH-PPV, the quenching of the MEH-PPV singlet

7 i excitation must be due to electron transfer from the singlet
excitation rather than due to energy transfer.

PL peak intensity (a.u.)
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2.3. Photoinduced absorption

We studied MEH-PPV/DNAQ and MEH-PPV/TNF films
using PIA spectroscopy. To see the effect of the acceptor, we
recorded the PIA spectra of pristine MEH-PPV films as well.

n Below we present results only for MEH-PPV/TNF films, our

06 . L 12?00 . . results for MEH-PPV/DNAQ films are analogous.
Fig. 4 shows typical PIA spectra for pristine MEH-PPV
and MEH-PPV/TNF films at low temperature for photoex-
Fig. 2. FTIR spectra of 1:1 MEH-PPV/DNAQ film prepared from choroben- citation in the MEH-PPV absorption band at 532nm. In

zene (solid) and superposition of MEH-PPV and DNAQ (dashed). Arrows Pristine MEH-PPV films, the most intensive peak was at
show the non-additive bands of DNAQ. 1.35eV and it is usually assigned to triplet stafég],

Transmission (a.u.)
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\ o) O ‘ ] wavelength 810 nm at room temperature. The former con-
’ | kY ’,-*'\-\ sists of two polaron bands at0.7 and 1.2 eV. For pump at
08l ey IPOOOdQ "x_ | 810 nm pristine MEH-PPYV films display no PIA signal at all.

| |y W oW At the same time, the blend gives nearly the same spectra
044" S N that were observed for the visible photoexcitation. The simi-

T 00 100055 o 2 - lar PIA spectra were obtained for pump wavelengths 629 and

e f(Hz) (/)

-dT/Tx 10°

0'0-.5\@ " 670 nm.
\stw To analyze the photoexcitation efficiency of charged
04 V] states, the PIA excitation spectrum for the polaron peak at
o8l . . . ° 1.2eV was measured. We found that the photoexcitation
0,8 1,0 12 14 1,6 efficiency calculated per absorbed pump photon shows a

Energy (eV) weak dependence on the excitation wavelength in the range

o 4 PIA tra for pristine MEH-PPAB) and 1:1 MEH:PPVITNE 532-810 nm. Therefore, if we associate the extended red tail
ig. 4. spectra for pristine - and 1: : : : _ : :

(O) films prepared from cyclohexanone Bt 110K for pump intensity In abs_orptlon of MEH PPV/(TN'.: or DNAQ) films with a
100 mW cnt? at 532 nm and chopping frequency 70 Hz. The inset demon- CTC, its pho.toe>.<C|tat|on r.eSUItS In C_harges states as well as
strates the corresponding frequency dependencies of the peak signals at 1.photoexcitation in the main absorption band of MEH-PPV.
and 1.35eV, the solid line shows a monomolecular kinetics fit for the peak Thus, in MEH-PPV/acceptor films, we observed photoin-
at1.35eV. duced charge-transfer for photons absorbed by MEH-PPV
while in MEH-PPV/TNE blend the PIA spectrum was dom- and relaxation of the CTC into the charged states (polarons)

inated by the peak at 1.2 eV assigned to charged states (pofor photons energies corresponding to the CTC band. These

o) i MEH PPVILI, The iferent e of peske i (~*o 00! (1 18 Sensiy crpiestc sorcol bsco
1.2 and 1.3eV is illustrated by their chopping frequency pprop P

dependences-(g. 4, inset). Moreover, their temperature de- the near-IR range where the solar spectrum peaks.
pendencies were also essentially different. These observa—2 4. Photoelectric studies
tions indicate that in pristine MEH-PPV the PIA at 1.35eV "

is associated with triplet excitons and the PIA at 1.2eV in
MEH-PPV/TNF is associated with polarons. Therefore, the
MEH-PPV/acceptor films demonstrate photoinduced charge-
transfer that is in accordance with the above PL data.

As seenirFig. 1, the MEH-PPV/acceptor blends have an
absorption tail prolonging far to the red region in contrast
to pristine MEH-PPV. It is important to found the relaxation
pathways of these low-energy excited states, which we as-
sign to CTC states. For this, we studied PIA for red and
IR pump radiation with wavelengths corresponding to the
observed absorption tail iRig. 1 Fig. 5 shows PIA spec-
tra for MEH-PPV/TNF and MEH-PPV films at excitation

We fabricated photodiodes with the single working layer
of MEH-PPV with various TNF content. DailkV curves of
the photodiodes demonstrated more rectifying behavior with
increasing the TNF content. The rectification ratio was more
than 18 at +£1.5V for 1:1 MEH-PPV/TNF working layer,
indicating the characteristic diode behavior. Under illumi-
nation the photoconductivity of the MEH-PPV/TNF diodes
increased essentially compared with the pristine MEH-PPV
diodes.

The magnetic field spin effect (MFSE) on photoconduc-
tivity was studied to probe the mechanism of charge genera-
tion in pristine MEH-PPV and MEH-PPV/TNF films. In the
—_—— . MSFE, the applied magnetic field exerts influence in partic-
ular upon the recombination rate of the geminate electron-
hole pairs due to changing the initial singlet state of the pairs
[14]. In pristine MEH-PPV films, we observed the photo-
conductivity change in the applied magnetic field up to 8%
for photoexcitation at 500 nm. At the same time, we found
that addition of TNF to MEH-PPV led to strong decrease
of the MFSE and the MSFE disappeared at very low mo-
lar donor/acceptor ratio 100:1. Disappearance of the MSFE
14 _ indicates that the geminate recombination rate strongly de-
] creased during the lifetime of the coherent spin state of the
; ; ; ; transient pair~1ns. Therefore, the disappearance of the
08 Le 1.2 1 MSFE implies charge separation, i.e. fast dissociation of the

Energy(eV) photoexcited singlet excitons in the MEH-PPV/TNF blends.
Fig. 5. PIA spectra at 300K for pristine MEH-PP\()) and 1:1 MEH- ThUS: th.e MSFE da.ta correlate with th.e PIA gpectrosgopy
PPV/TNF &) blend for photoexcitation at 810 nm. The dashed line shows data indicating _that in MEH-PPV/TNF _f"ms_ql?'te effective
the PIA spectrum of the blend for pump at 532 nm measured in a vacuum Charge separation occurs compared with pristine MEH-PPV
cuvette. films.

-dT/T (a.u.)
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Fig. 6. Photocurrent action spectrum of the 1:1 MEH-PPV/TNF photodiode
with thickness of the filn~100 nm without external bias and absorption
spectra of pristine MEH-PPV and 1:1 MEH-PPV/TNF blend at 300 K. Op-
tical radiation with intensity~10 W cm~2 on the sample was chopped at

225

1:1 MEH-PPV/TNF films. We found that photoexcitation in
the CTC band can relax into charged states with nearly the
same efficiency as for excitation in the main absorption band
of MEH-PPV. Moreover, these charged states can relax into
mobile charges giving the photocurrent action spectrum well
correlated with the absorption spectrum of the blend. There-
fore, CTCs based on conjugated polymers can be promising
materials for plastic solar cells to extend their sensitivity in
the near-IR range.
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Fig. 6shows the photocurrent action spectrum of a MEH-
PPVI/TNF photodiode and compares it with the optical ab-
sorption spectra of pristine MEH-PPV and MEH-PPV/TNF
films. First of all, we are interested in the photocurrent spectra
in the red and near-IR regions, where the CTC has consid-
erable absorptiorHg. 1). This spectral region is important
from the viewpoint of expansion of the photosensitivity of
polymer-based solar cells in the near-IR region. As seen in
Fig. 6, in the region of the CTC absorption (600-800 nm), the
photocurrent action spectrum closely follows the absorption
spectrum of the MEH-PPV/TNF film. Note that the signal for
the pristine MEH-PPV films was unobservable. Decreasing
of the photocurrent in the absorption peak at 2.2 eV is prob-
ably associated with the internal filter eff¢&b], indicating
that the photocurrent generation occurs in the vicinity of the
Al-electrode. This implies quite low electron mobility in the
acceptor (TNF) network. Thus, inthe MEH-PPV/TNF photo-
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